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ABSTRACT 
FFRS, a computer code for simulation of in-pile fuel rod per-
formance, was developed for use in reliability predictions for 
LWR fuel. 
As this application involves numerous fuel simulations, the 
model is sufficiently simple to allow for fast computer calcu-
lation, but still detailed enough for realistic simulations. 
Detailed descriptions of the stationary thermal and mechanical 
models are given together with the methods of solution for time-
dependent irradiation conditions. Models describing the im-
portant material properties for zircaloy, U02» and the gap be-
tween fuel and cladding are included in the code. 
The influence of various parameters in the model has been in-
vestigated. 
The performance of FFRS was examined through the simulation of 
a large number of irradiation experiments, including sensitivity 
studies for some of the material properties. 
It is demonstrated that FFRS can very accurately model average 
fuel behaviour under normal operational conditions with very 
low computer costs. 
This report is submitted to the Technical University of Denmark, 
in partial fulfilment of the requirements for obtaining the lie. 
tech. (Ph.D.) degree. 
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1. INTRODUCTION 
Though the general performance of LWRs has been considerably 
improved during recent years, problems with failures caused by 
pellet-cladding interaction (PCI) still exist. The occurrence 
of PCI failures indicates a statistical problem, because they 
occur at power values far below the threshold values for failures 
found in irradiation experiments, or calculated by deterministic 
fuel models. Therefore it was found reasonable to start a pro-
ject on the statistical evaluation of the failure probability 
(or the reliability) of fuel rods. 
A fast fuel model was needed, as a tool for the statistical 
evaluation of the fuel reliability, as the statistical methods 
considered require a large number of simulations in each case. 
The model needed to be orders of magnitude faster (in computer 
time) than the existing Danish fuel performance code WAFER , 
but not necessarily self-contained, as it could be adjusted by 
comparison with WAFER. Correct response to reasonable changes 
in the design data, material properties and operational con-
ditions was the desired capability of the model. As PCI failure 
was the type of failure considered most important, modelling was 
concentrated on fuel-cladding contact situations. 
The approach chosen was very successful compared to other 
fuel models, therefore the model was completed as a self-con-
x) tained fuel performance code, FFRS . After completion of the 
code, it was tested on several sample problems. The results 
are generally in as good agreement with experimental work as 
are the predictions made by state-of-the-art fuel models; the 
fuel-cladding contact results seem especially successful. 
2. THE STATIONARY FUEL ROD MODEL 
A slice (disc) of the fuel rod is treated in the model. For 
fission gas release and internal gas pressure, an approximation 
to the whole rod is used. The slice is divided into 3 regions: 
cladding, gap and fuel. The fuel is subdivided by a bridging 
annulus into a rigid, totally cracked zone and a perfectly 
plastic zone, see fig. 2.1. 
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Fig. 2.1. Cross section of a fuel rod. 
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2^1^^ Mechanics 
The cladding is treated as an axisymmetrical, hollow, thin 
cylinder with an outer pressure, P , an inner pressure, P. and 
a superimposed axisymmetrical contact pressure, P__» acting on 
cp 
the inside. Elastic, plastic and thermal strains are considered. 
The forces acting on the cladding and the mean stresses in 
the cladding (o , ofc and o2) are shown in fig. 2.2. 
The stress rcmponents + 0 in a hollow thin cylinder ft << R ) 
with a pressure difference between the outside and the inside 
2) 
are 
°r = Pi ~ Po (or ar = 0 ) 
°t = (Pi " Po> V ' c (2-1) 
az = (P, - P0)/2 • Rc/tc 
7 
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Fig. 2.2. Forces acting on and stresses in the cladding. 
If an axisymsietrical contact pressure is superiMposed on the 
cylinder sides, the stresses are 
a = P. • p - P (or a * 0) r i ep o ' r ' 
't " (Pi * Pcp " Po> V (2-2) 
•
 (Pi " Po ) / 2 * V 1 « 
According to Hooke's law, the elastic strains are 
el 
"r 
el 
t 
el 
= (1/E) [ar - j(ot + a2) ] 
= (1/E)[ot - v(oz + or)] 
= (1/E) Uz - v(ar + ot)] 
(2-3) 
where E is the modulus of elasticity and v is Poisson's ratio. 
The temperature expansion of the cylinder is calculated from 
the cladding mean temperature, T 
8 
£th . £th . £th . a ( T c . v (2.4) 
where c* is the thermal expansion coefficient and T is a refer-
ence temperature. 
anisotropic theory by Mill . The generalized stress, 0 , i s de-
Plastic deformations are modelled according to the simplified 
 
fined according to von Hi ses* yield criterion 
°g * l < ° r - o t ) 2 TC + < 0 t ~ 0 z ) 2 ** + ( o x - 0 r > 2 " ^ (2-5> 
where YF, "'G and TH are anisotropic factors. 
Using the mechanical material properties and the generalized 
stress, a generalized permanent strain, c , is calculated. 
The permanent strains are then 
er = cg/og l™lar~az) ~ rc^t'V J 
ct = eg/og ^YG^at"at} " WC<»x-ot) J (2-6) 
ez * eg/og ' " ' V V " YH(0r~0z) J 
The total strain, e , is for each component the sum of 2-3, 
2-4 and 2-6 
t el th ^  p ,0 ,. 
ei = e i i i * (2-7) 
2..1..2.. EJ*chanical
-
material_groperties 
Numerical values as well as a discussion of the correlations 
chosen for the material properties are given in ref. 3. 
E, -j and a are assumed constant independent of irradiation, 
deformation and temperature. 
Generalized plastic strain and primary creep are calculated 
according to the deformation hardening hypothesis with some 
modifications for reversed loading. 
The expression for the generalized plastic strain is 
9 
where K, the stress coefficient, depends on teaperature, aaterial 
treatment and irradiation, n, the strain hardening coefficient, 
is assuaed constant. 
The expression for priaary creep is 
rP* - #„ /«** **> er* - (Og/K) t" • exp(-Q/(R • Tc)) (2-9) 
where K, the stress coefficient, iepends on irradiation, a, b 
and Q are constants, R is the gas constant and t the tiae. 
Secondary (stationary) creep is assuaed to be irradiation-
induced 
tst _ ,_ #w.a ^ . .d 
9 
*Og/W* t • #d • exp(-Q/(R • Tc)> (2-10) 
where K, a, d and Q are constants; + is the fluence. 
The generalized peraanent strain for a tiae step is then 
9 9 9 9 
2..1..3,. IS5KE5^SES_^i5£EifeSii2D 
The heat generation in the cladding is assuaed negligible coa-
pared to the heat transferred through the cladding. 
The teaperature drop over the cladding, A T , is 
Q • ln(Rco/Rci) 0 - tc 
ATc - 2 . . • kc * a - » - v k c 
where Q is the heat generated in the fuel per unit length, k£ 
the thermal conductivity of the cladding, tc the cladding thick-
ness, and R and R , are the outer and inner cladding radii, 
respectively. 
The outer cladding temperature, T , is a boundary condition. 
Assuming k * C • C* ' T , where T is the mean cladding tem-
perature, the inner cladding temperature, T * , is 
1 r\ 
2.2. Fuel 
2^2.^ Mechanics 
The mechanical treatment of the fuel is extremely simple, only 
thermal expansion and creep strains are considered. Strains 
and temperature distribution in the fuel are axisymmetrical in 
the model. 
2.2.1.1. Rigid region. This zone is assumed to be cracked 
(only compressive stresses), the thermal expansion is therefore 
calculated as that of a rigid bar. The temperature distribution 
in the outer part of the fuel, where the flux depression is 
small, is almost parabolic . Assuming a parabolic temperature 
distribution and a thermal expansion coefficient, i, independent 
of temperature, the thermal expansion, AR , of the rigid zone 
is found to be 
'
Rrh = (Rfs " V a( ^  I b * T 'Tsb * V <2"14> 
where T<s is the fuel surface temperature, T is a reference 
temperature, T. is the bridge temperature, and T . is the tem-
perature at the midpoint between surface and bridge. 
The compressive stresses are neglected because the elastic 
modulus of the fuel is much larger than that of the cladding. 
2.2.1.2. Plastic region. The material in the plastic zone is 
allowed to expand freely and is assumed to be stress-free, 
except for hydrostatic pressure. 
2.2.1.3. Bridge. A rigid annulus, the bridge, forms the bound-
ary between the rigid and the plastic fuel zones. The position 
of the bridge, together with the temperature distribution in the 
fuel, determines the thermal expansion of the cracked pellet. 
The creep deformation in the fuel changes the position of 
the bridge. Th»s change in position depends on the creep strain 
at the bridging annulus, and the total crack opening angle, see 
fig. 2.3. 
11 
I * 
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Fig. 2.3. Cracked pellet. 
The stress at the bridge is: 
°b = P cP * W^, (2-15) 
where P is the contact pressure, R- the fuel surface radius 
and R. the bridge radius. The U02 creep, e, at the bridge is 
found from the bridge temperature and a. by the UO, creep 
equation. The area which the material from R. to P. + dR will 
occupy as a result of creep is: 
A„„ = G • dR • 2 ir • R. . cr b (2-16) 
The crack area between Rw and R. + dR may be approximated by 
Acrk = w ' (dR)2 ' U,/2'1T • (2-17) 
Equating these areas (eqs. 2-16 and 2-17) yields the creep of 
the bridge: 
dR= R. •£• 4'TT/U). (2-18) 
12 
However, if the contact pressure is very low (or zero), and 
the swelling rate inside the bridge is higher than at the bridg-
ing annulus, this swelling difference will tend to open the 
cracks. This effect is modelled by assuming that the swelling 
causes a small pressure inside the bridging annulus, giving a 
reversed creep. 
Besides closing the cracks, the creep area, A ,will slightly 
reduce the fuel surface radius, which is important when the 
cracks are almost closed. 
The thermal expansion of the bridge is 
*
R b h = Rb ' a ( T b " V - ( 2" 1 9 ) 
2.2.1.4. Total strain. The influence of the creep strain is 
only indirect through the movement of the bridge position. The 
total expansion of the fuel is 
ARf = AR^h + &R^h + ARsw + ARD (2-20) 
where AR is the total swelling between the bridge and the 
surface, and AR_ is the corresponding densification, described 
in 2.2.2. 
Numerical values as well as a discussion of the correlations 
chosen are found in ref. 3. 
E and v are not used because of the simple treatment of the 
fuel, and a is assumed constant independent of temperature and 
irradiation. 
For the fuel only, secondary creep is considered. It con-
sists of three terms: an irradiation-induced, an irradiation-
enhanced, and a thermal creep term 
ef = {K1 ' ab ' * ' exP("Q/(R ' T b n + 
+ (K2 + K3 ' F) • a1 • expf-Q^R • Tb)) + 
al 
+ K3 ' ab ' exp(-QytR • Tfa))}t 
°1 " min(ab'atrans,J atrans = K4 ' G 
(2-21) 
a2 
13 
where K, , K2, K-,, K., Q,, Q2, Q3, a, and a2 are constants, o. 
and T, the stress and the temperature in the fuel, G the grain 
size of the fuel, and F the fission rate. 
Densification is modelled according to the theory proposed 
by Stehle and Assmann 
The densification is isotropic and independent of temper-
ature and stress and therefore uniformly distributed. The ex-
pression for densification is 
n W _, * X ' F 
(&V/V)Dens = " * Pi [1 -»• " 3 • r. )] 
i=l i 
(2-22) 
i R D - 1/3 ' ( A V / V )Dens 
Pi = the porosity of pores with radius r. 
X = the range of a fission fragment 
W ~* = the volume of a pore that is atomized into 
vacancies when a fission fragment traverses a pore 
F = burn-up, n = number of pore groups. 
W
 ff can be considered an empirical parameter which is then 
fitted to experimental data. 
Low temperature swelling (matrix swelling, solid swelling) 
is assumed to vary linearly with burn-up. Gaseous fission 
product swelling is considered in the temperature region 1000-
2000°C; the expression for gaseous fission product swelling is 
(AV/V)sw - min{Ksw(T) • F, K ^ (rg) } 
KSW(T) = ((T - 1000°C) ' K ) 3 1000 < T < 2000°C 
(2-23) 
K = a constant 
K
~,~ = a constant dependent on the fuel structure (fuel max r 
grain size) and perhaps temperature 
F = burn-up. 
The calculation of swelling is performed in a number of 
annuli. The total expansion due to swelling is 
14 
m 
ARgw = { ^ <AV/V)sw ' ^  + F -Kswl • X/3 - Rfs> (2-24) 
m = number of annuli in the swelling calculation 
F = burn-up 
K , = solid swelling rate. 
Swelling is assumed to be isotropic. 
2.2.3. Temperature distribution 
The temperature distribution in a solid cylindrical rod with 
internal heat generation from fission, and subject to flux 
7) depression, is found by solution of the equation 
T I (< • R ) - I (K • r) 
t f ; *, <T> « • A x%.«.%..,;,« .Bfs, 
T- = temperature at the fuel surface, boundary condition 
T = temperature at radius r 
kf(T) = thermal conductivity of the fuel at temperature T 
Q = heat rate per unit length of the fuel rod 
K = inverse neutron diffusion length 
I ,1, = Bessel functions. 
Since kf(T) is a complicated function, eq. 2-25 is solved 
»rically. Equatior 
given the other value, m 
The expression for 
2.2.4. Fission gas 
nume n 2-25 can be solved for either T or r, 
1, 
kf(T) dT is given in ref. 3. 
o 
In the fuel a number of gas atoms are produced for each fission; 
8) 
in a thermal flux the number is = 0.31 atoms per fission . 
The number of fissions per meter rod is 
Q/(EFIS ' 1.602 • 10-13) 
15 
where EFIS is the energy produced per fission. Multiplying by 
0.31 and dividing by the Avogadro number yields the number of mol 
produced per meter rod per s. Multiplying by 3600 (seconds per 
hour) and 22.4 x 10~ (volume of a mol under standard conditions) 
yields the amount of fission gas in m produced per meter per h. 
Multiplying by L and the step time, t., yields the amount of 
fission gas produced in the rod in this time step 
FG. = 0.31 -Q • L ' t. * 3600 • 22.4 • 10-3 /(6.023 ' 
23 -13 {2"26) 
10ZJ • EFIS • 1.602 • 10 X J ) . 
L is the active length of the rod multiplied by the ratio 
between average rod power and actual pellet power. L is 
introduced to obtain a correct fission gas release for the 
whole rod based on the calculation at a single axial location. 
The release of fission gas is modelled according to an 
empirical model. The release fraction corresponding to a given 
temperature distribution is 
X n = (Fx • Vx + F 2 • V2 + -.- + Fm ' Vm) (2-27) 
F. is the release fraction valid in the temperature interval 
from T,_i to T. and V. is the volume fraction of the pellet with 
temperature in the interval from T. , to T-. 
The amount of fission gas released at time step n is ' 
n n-1 
R = max{ (X • Z FG. - E R,), 0}. (2-28) 
n n
 i=l 1 i=l x 
Numerical values can be found in ref. 3. 
For very high burn-up (above 20.000 MWD/t U0 2) , the cor-
rection proposed by Meyer is used. 
2.3. Gap conductance 
The connection between fuel and cladding is the gap. 
The gap conductance for an axisymmetrical open gap is 
h = m*x (2-29) 
ngs g + AX U *' 
16 
where g is the physical separation of fuel and cladding, AX 
depends on the temperature jump distances and the surface rough-
nesses, and k . is the thermal conductivity of the gas in the 
fuel rod (in the gap). 
The experimentally measured gap conductances for fuel rods 
show large deviations from this formulation. Several corre-
lations have been proposed in order to obtain better agreement 
between experiments and calculations. 
The correlations proposed by Kjærheim and Rolstad and by 
12) Vitanza are both based on the assumption that even when the 
calculations predict a gap between fuel and cladding, part of 
the fuel is in contact with the cladding. 
12) The correlation proposed by Vitanza is used in FFRS. The 
area in contact is, for the eccentric situation, 
Ac = max{[l-(gap/(gapo - A Q)) 1 , 5], 0} (2-30) 
where gap is the cold gap and A is a constant. 
When the gap is closed, the gap conductance is based on the 
13) 
model proposed by Ross and Stoute 
•
 hgc " "ST + Hl ' Pc P ' (2"31) 
H, is a constant depending on the thermal conductivity of fuel 
and cladding, the surface roughnesses an..' the yield strength of 
the cladding, P is the contact pressure. 
By combining 2-29 and 2-31, the gap conductance is 
hg * Ac ' T S * + (1 ' V r¥h + Hl * Pc P • (2"32) 
2.4. Internal pressure 
The gas contained in the fuel rod consists of fill gas, R*, 
released fission gas, Rf_» and perhaps some residual gas, R , 
released from the fabrication process. This gas is contained 
in the volume V , which consists mainly of the plenum volume. 
The plenum gas temperature, TG, is almost equal to the outside 
cladding temperature (the coolant temperature), T . Assuming 
ideal gasses, the internal pressure in the fuel rod is 
17 
R_ + R^ + R„ T- • 273 
p i» - •J3—r—- • - S 7 3 — • ». • « -"» 
P 
Rf, R, and R are volumes at 0°C and the pressure P . 
IE 
3. THE TIME-DEPENDENT QUASI-STATIONARY MODEL FOR A FUEL ROr 
3.1. The stationary solution 
The equations in chapter 2 describe the stationary temperature, 
stress and strain distribution in fuel, gap and cladding, in-
cluding some changes in the materials with burn-up and time. 
As the temperature distribution within each region is inde-
pendent of the stress and strain distributions, the solution 
for a fixed time step can be found directly for each region, 
given some boundary conditions. 
The gap conductance, as well as the contact pressure, depends 
on the stress and the strain distributions in fuel and cladding. 
The temperature distribution in the fuel depends on the gap 
conductance. The common stationary solution for the fuel rod 
is therefore found by simultaneous solution of the equations 
with the given boundary and initial conditions for the fuel rod. 
The boundary and initial conditions are, for example, outer 
cladding temperature, heat load, pressure (outer and inner), 
cold geometry and material conditions. 
The solution is found iteratively with the gap condition 
(gap conductance, gap size and contact pressure) as parameter. 
Figure 3.1 shows the solution schematically. 
The stationary model as outlined in fig. 3.1 includes creep 
in cladding and fuel; but the solution is found for a fixed 
time step, and therefore the creep deformation is treated as a 
time-independent plastic deformation. 
This part of the model can be refined to include different 
time-dependent effects, but does not treat a detailed irradiation 
history, which will often be very important for a fuel rod. 
There are numerous models possessing approximately these 
14) 
characteristics? the oldest are probably the British and the 
15) Canadian models. The best known code of this type today is 
CAPCON THERMAL , a code developed for the American Nuclear 
Regulatory Commission. 
3.2. The path dependent model 
The simulation of a realistic irradiation case requires con-
sideration of time-dependent boundary conditions as well as 
19 
changes in the materials with time. Therefore the simple model 
described in sec. 3.1 was extended to a path-dependent fuel 
model. Fast Fuel Rod Simulator, FFRS. 
3.2.1. Constant heat load 
During a period with constant heat load, the most important 
changes arise from creep and changes in the material conditions 
such as swelling, densification and fission gas release. 
The solution is essentially obtained by an incremental 
theory; the temperature distribution from the last time step is 
used in the evaluation of swelling and fission gas release 
during the time step considered. In order to stabilize the time 
Given: 
power, outer cladding temp., outer and 
inner pressure, 
swelling, densification, bridge radius, 
burn-up, fluence in cladding, gas con-
ductivity, etc. 
choose: 
gap conductivity, h' gap, and contact 
pressure, g" and P' 
cp 
calculate: 
gap anl contact pressure, g and P , 
from the calculated strains, assuming 
additional elastic strain to avoid 
negative gap 
«?. P C P) f a: P' ) cp 
calculate: 
temperature distribution (depends on h' , 
stress distribution (depends on P' , 
elastic, thermal and permanent strains, 
new bridge radius 
temperature, stress and strain distri-
butions found 
(g.Pcp) - cg',P'cp> 
Fig. Solution of tne sr.ationary equations. 
20 
integration even when very large time steps are used, average 
stress, strain and temperature distributions are found for the 
time steps as shown in fig. 3.1. 
Fission gas release and swelling are not included in the 
iterative solution, but are based on values from the preceding 
time step. This considerably reduces the computational work by 
avoiding a detailed calculation of the fuel temperature distri-
bution during the iterations. 
In the calculation of the bridge movements (fuel creep), 
the former bridge position and temperature are used as the 
initial values for the evaluation of the fuel creep rate. This 
approximation simplifies the calculations; but it can be a 
significant simplification, if the time steps are long, since 
the temperature gradient in the fuel is high. 
These two simplifications have an important influence on 
the length of the time steps that can be used; but if the step 
length is small enough (approaches zero), the simplifications 
introduce no additional approximations in the model. 
3.2.2. Power changes 
When the heat load is raised during a power ramp, the thermal 
expansion is larger for the inner parts of the fuel than for 
the outer. This will stress the outer part of the fuel in 
tension and thereby crack it. If the power ramp is "large", 
the pellet will crack up to the centre, but contact between 
fuel and cladding can again, by creep, close the cracks in the 
hottest part of the fuel. The radius, until the position at 
which the cracks open, is defined as the bridging annulus in 
the model. 
After contact is made between fuel and cladding, the bridge 
position will be determined by a balance between the different 
thermal expansions and the creep rate near the bridge. This 
balance is found as follows: 
The power ramp is divided into "small" ramps. In each 
"small" ramp the bridge is moved a fraction of the pellet radius 
towards the centre, then the bridge is allowed to creep back, 
as far as the creep rate (at the new bridge position) and the 
time allow. 
During a fall in heat load the bridge position is assumed 
21 
unchanged in the model. Physically, the cracks will close in 
the outer parts and cracks will open in the inner parts. The 
cracks inside the bridging annulus can provide space for 
thermal expansion in a new ramp. The bridge position therefore 
remains unchanged during a ramp until the power reaches the 
former maximum power. 
If the fuel operates for some time at the reduced power 
level, some of the internal crack volume is filled by swelling 
and relocation. The power level at which the thermal expansion 
again starts moving the bridge towards the centre is thereby 
lowered. As compensation for swelling and relocation, this 
power level is decreased linearly with burn-up until the actual 
power is reached; 
The quasi-stationary path-dependent model is shown sche-
matically in fig. 3.2. 
choose the length of 
the next tiste step 
1 
based on last teaiperature distri-
bution, calculate: 
fission gas release, swelling, 
dens1fleation, gas conductivity,etc. 
steady 
power 
1 
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- solution of 
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equatlor 
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temperature. 
stress and strain 
distributions. 
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by cracking 
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power 
reduct ion 
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temperature. 
stress and 
strain distri-
butions 
1 
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Calculate: 
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Fig . 3 . 2 . The tune-dependent, quas i - s ta t ionary model FFRS. 
4. INFLUENCE OF THE PHYSICAL AND NUMERICAL APPROXIMATIONS 
IN FFRS 
The physical description of the fuel rod (the model) is very 
simple so as to allow for fast computer calculation. Only 
comparisons with experiments, or perhaps more advanced fuel 
modelling codes, can determine whether these approximations are 
reasonable or not. 
Besides the simplifications in the stationary model, the 
treatment of a time-dependent irradiation case includes some 
approximations, the influence of which can be investigated by 
means of the model itself. These approximations have led to 
the two semi-empirical parameters, Q. and Q
 f. 
Qburn = t h e i n v e r s e o f the rate at which the power level 
where crack opening starts is decreased, 
Q
 f = the power change that will crack the pellet. 
Additional numerical approximations are included, since the 
time steps are not infinitely small, and the iterative solutions 
involved are stopped at finite accuracy. 
The influence of Q, , Q ,, and the numerical approxi-
mations is illustrated in this chapter. 
4.1. The parameter Q, 
K
 burn 
Q, is a measure for how fast the fuel relocates after a fall 
wburn 
in power. A new rise in power is not assumed to crack the fuel 
or to open closed cracks, until the former maximum power is 
exceeded. This power level, O (where cracking starts) is 
reduced by AO = ABurnup/Q, , until the power level at that 
moment is reached. 
In the model the normally used value for Q b u r n is 0.5 * 10 
ppm • m/W, corresponding to AQ = 200 W/cm after 8 months at 
4 00 W/cm. 
Originally, it was planned to fit Q. to experimental 
results or to fuel modelling codes with a detailed treatment 
of the fuel region, but the influence of Q. has been shown 
^ burn 
to be quite small. Unless extreme values are used for Qhurn/ 
the difference in the predicted results is much less than the 
uncertainty due to the possible variation in the material prop-
erties . 
23 
The influence of Q. is illustrated by calculations on 
burn7) 
an irradiation experiment (irradiation: HP 013/055; Pin: 
M20-1B; Danish). This experiment was chosen for its high burn-
up and large number of small power changes. 
The influence of the uncertainty in material properties is 
illustrated by the difference between two calculations with 
different assumptions for the cladding texture. The cladding 
tube is either assumed to be isotropic or anisotropic with the 
anisotropy factors from ref. 18. The calculation in which 
isotropy of the cladding is assumed is the most sensitive to 
changes in Q. (and other parameters)- Therefore calculations 
are performed with Q b u r n =0.1 • 10~ ppm • m/W and Qbarn * 
2.5 * 10~ ppm * m/W for this case. 
In fig. 4.1 the calculated tangential strain is shown 
versus the irradiation time. The tangential stress during the 
final ramp is shown in fig. 4.2. For the rest of the irradi-
ation, the differences in the calculated tangential stresses 
are small. 
to" 
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Fig. 4.1. Influence on the calculated tangential strain of the 
parameter o. , compared with the influence of cladding tex-burn 
ture, a typical material uncertainty. Tin: Mi0-1B. 
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The conclusion from this example, where a variation of 
Q b u r n with as much as a factor of 25 had very little effect on 
the calculations, is that it is neither possible nor necessary 
at the moment to draw any conclusions about Q. from the 
wburn 
experimental results. And from observing the large deviations 
between code predictions on well-characterized benchmark cases 
(refs. 18 and 19), it is obvious that state-of-the-art fuel 
models cannot either be used to "tune" a parameter such as 
burn" 
4.2. The parameter Q , 
From the definition of Q
 K it is possible to put some limi-
tations on the numerical value. A large, fast power increase 
( 500 W/cm) is assumed to crack the fuel totally, and a small 
increase in power ( 50 W/cm) is not expected to have this 
marked effect. It is therefore reasonable to seek the value of 
Qref in the interval from ^0 to 500 W/cm. 
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The sensitivity of the model with regard to Q
 f was in-
vestigated by calculations on a single power ramp. Fuel rod 
design and irradiation conditions are taken from a Canadian 
19) 
ramp experiment (Pin X-264). Comparison between some fuel 
modelling codes, including FFRS, and the experimental results 
can be found in ref. 20. 
Figure 4.3 shows the calculated strain (elastic + permanent) 
as a function of the heat load for different values of Q
 f. 
The value of AP, which determines the step length during a power 
ramp, is chosen very small to reduce the numerical influence on 
the results. The figure clearly demonstrates that the value of 
Q , has very little effect on the modelling of a large power 
ramp. A value of 200 W/cm is chosen for Q ,. 
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Fig. 4.3. Calculated strain as a function of heat load for 
different values of the parameter 0 ,. Pin: X-264. 
4.3. The step length during a power ramp 
For the value of Q , chosen, the influence is investigated of 
ret 
the step length (proportional to AP). 
In fig. 4.4 the calculated strain (elastic + permanent) is 
shown for different values of AP. A value of AP = 10 'J/cm 
yields, for this ramp, a reasonable compromise between the cal-
culation time and the accuracy. For all other irradiation ex-
periments calculated with FFRS, a value of 20 W/cm for AP gave 
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no difference in the calculated strains compared to smaller 
values for AP. The reason for this is the high fuel tempera-
tures (high heat load) calculated for the X-264 pin. 
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Fig. 4.4. Calculated strain as a function of heat load for 
different values of &P, the step size in power ramps. Pin: X-264. 
4.4. Influence of the time increments during constant power 
operation 
As explained in chapter 3, the model FFRS is essentially an 
incremental model, where the calculated stress, strain and 
temperature distributions from the preceding time step are used 
in the calculations of fuel creep, swelling and fission gas 
release. This necessitates small time steps, when fuel creep, 
hot swelling and fission gas release are important. On the 
other hand, the most sensitive property, the gap conductance, 
is found as an average value for the time step by iteration, 
as shown in fig. 3.1. Therefore the time steps can be quite 
large without affecting the average values for a time period, 
when fuel creep, hot swelling and fission gas release are 
moderate. 
Since fission gas release and hot swelling are only im-
portant at elevated temperatures, the length of the next time 
step is determined on the basis of the fuel centre temperature, 
T_, and a given maximum step length, At , as At . = 
c r max next 
f(Atmax' V -
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If there is contact between fuel and cladding, the bridge 
movements are estimated on the basis of the contact pressure at 
that moment. The time step is then chosen so that the esti-
mated bridge movements are below AR^ * R_ in the time step. 
AR, is a given maximum fraction of the fuel radius that the 
bridge may move in a time step. 
As the purpose of developing FFRS was to have a fast fuel 
model, the time steps were not to be chosen too small. The 
standard values for At „„ and ARU are 2500 hours and 5%. 
max b 
The influence of this choice is illustrated by calculations 
with different values of At „ and AR, on the HP 013/055 ir-
max D 
radiation experiment. 
Figures 4.5 and 4.6 show the influence of At on the 
tangential strain and the tangential stress in the final ramp. 
Figures 4.7 and 4.8 show the influence of ARb. 
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4.5; Accuracy in the iterations 
As the stop criterion in the iterative solution of the stationary 
equations (fig. 3.1) and the equation for heat conduction in the 
fuel, 1% accuracy is normally used. Calculations with the stop 
criterion set to either 10% or 0.1% give differences that are 
below 4% .n the tangential stress and strain. 
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PERFORMANCE OF FFRS 
5.1. General behaviour of the model 
The general behaviour of the model is best illustrated through 
the simulation of a couple of irradiation experiments. The 
values for some of the parameters describing the fuel situation 
are shown in figs. 5.1-5.9. The experiments chosen are the 
19) 19) 
Canadian X-264 rod and a commercial PWR rod . Calculations 
performed with a number of fuel codes can be found for both rods 
in ref. 19. 
The X-264 fuel rod was ramped to a high power without pre-
irradiation. The case therefore illustrates the mechanical 
interaction during a power ramp, where any effect of densifi-
cation, hot swelling and relocation is negligible. For this 
case, fig. 5.1 shows the fuel centre, the bridge and the fuel 
surface temperatures, 5.2 the fuel to cladding contact pressure, 
5.3 the total tangential strain in the cladding, and 5.4 the 
tangential stress in the cladding. 
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Fig. 5 . 1 . Calculated tanperatures for the X-264 fuel pin . 
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Fig. 5.4. Calculated tangential stress for the X-264 fuel pin. 
The commercial PWR rod is of a type with unstable fuel 
(large and fast densification) and without pre-pressurization. 
The fast densification at the beginning of the irradiation 
results in a very large gap between fuel and cladding, this 
leads to high temperatures in the fuel. The high fuel tem-
peratures are followed by fission gas release (raising the tem-
peratures) and hot swelling (lowering the temperatures by 
closing the gap). This case illustrates the interaction be-
tween densification, hot swelling and fission gas release? it 
is, however, very sensitive to changes in design and material 
properties, and thus the numerical results shown should be 
considered with some reservation. The parameters shown in figs. 
5.5 to 5.9 as functions of time are heat load, temperatures, 
hot gap, gap conductance and amount of fission gas released. 
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35 
" 'O' 
a 
o 
i 
o 
o 
a 
a 
z 
o 
* t-
Tint »T POWER. 
Fig. 5.9. Calculated release fraction of fission gas for the 
PWR fuel rod. 
5.2. Verification of FFRS 
The verification of a model for fuel rod simulation is very 
difficult. The materials differ for different fuel rods and 
only some of these differences are reflected in the design 
specifications. For the remaining material properties, some 
best estimate values are used. 
5.2.1. Comparison with other fuel models 
Since FFRS is specially developed as a fast and thus as a simple 
model, the physical model can well be verified through compari-
sons with other more detailed codes. When comparing different 
models with experimental data, the influence of unspecified 
material properties should be considered, since they can totally 
overshadow the physical differences in the models. 
An investigation in which an attempt was made to define 
common best estimate values for most of the important material 
properties, thereby enabling a direct comparison between the 
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physical models, is reported in refs. 18 and 19. Comparisons 
between FFRS and the models included in this investigation 
demonstrate that the physical models in FFRS can model average 
stresses and strains in the cladding and the temperature distri-
bution in the fuel rod as accurately as any of these codes. The 
investigation did, however, indicate that the modelling of hot 
swelling, densification, fission gas release and perhaps gap 
conductance needed improvement. The only model that did not use 
the suggested best estimate models for hot swelling and densi-
fication (no model for gap conductance was suggested}, seemed 
to obtain the best results in two cases with unstable fuel 
(large, fast densification). 
5.2.2. Comparisons with irradiation experiments 
The material properties used by default in FFRS were reviewed 
after the investigation reported in ref. 20. The models for 
hot swelling, densification and gap conductance in particular 
were improved. The set of best estimate material properties, 
based on data available in the open literature, is reported in 
ref. 3. 
Comparisons between FFRS and the experimental results 
available from a large number of irradiation experiments are 
summarized in table 5.1. In the simulations the best estimate 
values from ref. 3 have been used for all unspecified material 
properties. There may be large differences in the material 
properties like creep, densification, yielding (especially the 
fluence dependence) etc., for the individual rods. Therefore 
one cannot expect predictions of the experimental results for 
each individual irradiation experiment, but the overall results 
from the simulations should be in good agreement with the ex-
perimental results. 
The important design data are listed in table 5.2. The 
densification specified at 0.2% FIMA and 1.0% FIMA is the 
densiiication calculated by the model from ref. 3, where the 
porosity distribution in the fuel is estimated from the sintering 
information or from a given densification specification. In-
formation regarding the irradiation conditions for the pins is 
listed in table 5.3, further information is found in the refer-
ences given. 
Table S.l. comparison between experimental data and the values 
calculated by means of FFRS. 
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Table S.2. Design specifications for the irradiation experiments 
used in the verification of FFRS. 
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The agreement between the calculated and the experimental 
results is very good. This is considered both as a verification 
of the model, FFRS, and of the best estimate material properties 
from ref. 3. 
The largest deviations seem to be found for the temperatures 
in the high burn-up cases (M2-2C and PA29-4), the fission gas 
release for some pins (AG17-3, AG17-7 and HCD), and the inter-
action during the final ramp for the AG-pins. 
The influence on the calculated results of changes in the 
assumed material properties is investigated in the following 
section. 
Table 5.3. Irradiation conditions for the irradiation experiments 
used in the verif ication of FFRS. 
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5.3. Sensitivity studies 
For eight of the pins investigated, the results of calculations 
with different assumptions regarding some of the unspecified 
material properties are listed in tables 5.4-5.10. The material 
properties are only varied to values that are very likely to 
occur. Often the values used in these calculations are just as 
reasonable as those used for the Base Calculations shown in 
table 5.1. 
5.3.1. Fission gas release 
In table 5.4 the results from calculations with 2 additional 
fission gas release models are shown. The model used in the 
Base Calculations is that proposed by Lewis '. The BNWHT model 
is that used for the calculations reported in ref. 19. LOOPY 
is a Swedish model. There is no reason for choosing any one 
specific model. However, as seen in table 5.4, the results, 
Table 5.4. Results fro* simulations with different fission gas 
release Models. 
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calculated with the model proposed by Lewis, generally show the 
best agreement with the experiments. 
It should be noted that the calculated maximum temperature 
for the M20-1B pin occurs shortly after the beginning of the 
irradiation. 
The small observed fission gas release for AG17-3 and the 
HCD rod may be explained by the fact that both rods were only 
kept at overpower for a short time in the end-of-life ramp test, 
as there were failed rods in the assemblies. All the release 
models used only predict the stationary release. 
5.3.2. Gap conductance 
The differences between the calculated and the experimental 
temperatures are probably caused by deviations between the cal-
culated and the actual gap conductance. 
13 The contact conductance, calculated by the Ross and Stoute 
equation, and the open gap conductance calculated with the 
modifications proposed by Kjærheim and Rolstad , or Vitanza , 
have been verified on a large number of irradiation experiments 
equipped with thermocouples in the Halden reactor ' . Un-
fortunately, all the experiments have approximately the same 
surface roughnesses (an important parameter in the Ross and 
Stoute expression for contact conductance), and none of the 
thermocouples lasted more than approximately 5000 MWd/tUC>2. For 
fuel rods with a high content of fission gas (high burn-up), the 
Ross and Stoute model predicts a low gap conductance even during 
contact between fuel and cladding. This has not yet been veri-
fied experimentally (at high burn-up) and it seems in conflict 
with the high burn-up pins (PA29-4 and M2-2C). The model used 
for gap conductance therefore had a lower limit for the contact 
conductance (in the Base Calculation equal to one third of the 
initial value of the gap conductance). 
The influence of the assumption regarding excentricity is 
shown in table 5.5. As expected, the effect on the low gap 
cases is negligible, and even on the high gap cases the effect 
is moderate. This is due to hot swelling, which closes the gap 
at an earlier stage (before the maximum power for the ELP-9 and 
the PWR rod). 
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Table 5.5. Influence of the assisted excentriclty. 
" • * «*:: M M . V T I •«« «oo a »-• 
Tabic S.6. Influence of the contact qap conductance. 
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Table 5.6 shows the different assumptions for the minimum 
gap conductance during contact. As expected, these assumptions 
have much influence on the maximum temperatures and gas releases 
calculated. However, it should be noted that even the assumed 
unchanged gap conductivity is insufficient, in the high burn-up 
case, PA29-4, to explain the low center temperature. 
5.3.3. Creep in fuel and cladding 
Table 5.7 shows the influence of different assumptions con-
cerning the cladding texture and the fuel and cladding creep 
rate. 
Table 5.7. Influence of the zlrcaloy and 00, creep. 
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In the Base Calculations the cladding was assumed to be 
anisotropic with the anisotropy factors rrom ref. 19. The eight 
cases have been recalculated, assuming isotropic cladding. 
All the creep equations given in ref. 3 have the uncertainty 
included in a single log-normally distributed stochastic vari-
able (FZr and Fuo ). The Base Calculations were performed with 
FZr = 1 # 0 a n d Fuo2 = °'5' corresP°nding t o the mode of the 
distributions. An additional simulation with F = 1.2 and 
Zr 
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Fuo = 1.7, corresponding to the average values, is included in 
table 5.7. 
The agreement between the calculated average EOL strain and 
the experimental EOL strain is excellent, the deviations are of 
the same size as typical differences observed for nominally 
equal (in design and irradiation) pins. The Base Calculations 
are in most of the cases closest to the experimental strains, 
but the deviations are only significant for tne PWR rod with 
assumed isotropy. 
5.3.4. Hot swelling and densification 
The models for hot swelling and densification are based on very 
few experimental results. The best estimate values used could 
easily have been chosen a factor of two (or more) larger or 
smaller. The influence of a variation of a factor of two on hot 
swelling and densification is illustrated in tables 5.8 and 5.9. 
The densification rate is of little influence in the simu-
lations, the influence is only significant for the PWR rod. 
Table S.». Influence of hot-swelling. 
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As seen in table 5.8, different assumptions regarding the 
hot swell rate can quite strongly influence the results from 
the simulations. 
Table 5.9. Influence of densification. 
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5.3.5. Helium content in the rods 
In the design specification for the two unstable fuel rods 
(ELP-9 and the PWR rod), the as-fabricated cold gas pressure 
was 1 atm, but the content of He found in the rods during the 
PIE was considerably higher, namely corresponding to approxi-
mately 3 atm He pressure in the ELP-9 rod and approximately 
2 atm in the PWR rod. This additional content of helium may 
be explained by ternary fission and/or rest gas from fabrication. 
A calculation in which this additional gas is assumed present 
from the beginning of irradiation is shown in table 5.10. 
The influence of this additional gas is very strong, but 
it is difficult to know exactly when the release of the helium 
takes place. 
x) Post Irradiation Examination 
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Table 5.10. Influence of hellua content in the fuel. 
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5.4. Calculation times 
The computer code FFRS is written in Fortran IV and implemented 
XX ) 
on the B6700 installation at Risø. The calculation times 
for the eight examples used in the sensitivity studies are shown 
XXX ) 
in table 5.10. The code is also implemented on the CDC 6600 
installation in Stockholm. Calculation of the M20-1B ca3e gave 
a factor of 7 between the calculation times using the two com-
puters (the factor is typically 10 for other codes). Based on 
this factor, the calculation times were estimated for the eight 
cases using the CDC 6600 computer. 
Table 5.11. Calculation times. 
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6. CONCLUSION 
The fuel model FFRS is presented. It is shown that, in spite 
of its simplicity, FFRS very accurately »odels average pellet-
cladding interaction. Comparison with other fuel Models show 
that the accuracy obtained in calculations with FFRS are cow-
parable to that obtained by typical state-of-the-art fuel 
models, although the calculation tines are two to three orders 
of magnitude shorter. 
The model has been verified together with the Material data 
used, through the simulation of a large number of irradiation 
experiments. Together with sensitivity studies, these simu-
lations show that the deviations between the results calculated 
by FFRS and the experimental results can easily be explained by 
differences in unspecified material properties. The only sig-
nificant deviation is the temperature prediction for the high 
burn-up cases. This must be ascribed to deviations in the 
calculated and the actual contact conductivity between zircaloy 
and U0o. 
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